Plant growth regulators (PGRs), such as 1-naphthaleneacetic acid (NAA), gibberellins, cytokinins, abscisic acid, and ethylene have become commercialized in some countries to increase the productivity of field crops and to fortify the value of horticultural crops. However, very limited research has been conducted in Bangladesh on root growth, plant biomass and yield of wheat (Triticum aestivum L.) using NAA. In this context, an experiment was conducted over two consecutive seasons, from November to April, in the research field of the Wheat Research Center (WRC) (under Old Himalayan Piedmont Plain), Dinajpur-Bangladesh. Treatments consisted of the application of 25 mg/l NAA in five temporal regimes: 1) NAA applied at 20, 35 and 50 days after emergence (DAS); 2) NAA applied at 20 and 35 DAS; 3) NAA applied at 20 and 50 DAS; 4) NAA applied at 35 and 50 DAS; 5) a control (without NAA). Treatments were applied to 10 irrigated spring wheat genotypes i.e., 'Kanchan', 'Protiva', 'Surov', 'Gourov', 'BAW 944', 'BAW 953', 'BAW 994', 'Akbar', 'Agrhani' and 'Sonalika', and arranged in a split-plot design, namely as five NAA treatments as the main plots and 10 wheat genotypes as the sub-plots. In both seasons, data on root fresh and dry weight, root length, total plant dry biomass (TDM), grain yield (GY) and yield attributes of wheat were significantly (p≤0.05) influenced by the NAA application regime and genotype. However, maximum root fresh and dry weight and longest roots were recorded in treatment 2 for 'Gourav'. Maximum TDM was recorded at 40 and 50 DAS for 'BAW 944' in treatment 3. Significantly similar and maximum TDM at 60 DAS was found for 'Kanchan' and 'Sourav' in treatment 1 and at 70 DAS for 'Sourav' in treatment 2. 'BAW 994', 'BAW 953' and 'Agrahani' produced significantly similar and maximum number of spikelets spike -1 in treatment 2. 'BAW 944' and 'BAW 953' showed significantly similar 1000-grain weight in treatment 3 while smallest grain size was obtained in 'BAW 953' in the control treatment. 'BAW 953' produced highest GY in treatment 1, and was statistically similar to 'BAW 994' and 'Protiva' after the application of treatments 2 and 4. Therefore, the application of NAA at 20, 35 and 50 DAS in all genotypes was more effective (i.e., better root growth and yield) than the control plot. Among the 10 tested genotypes, 'BAW 953' and 'BAW 994' responded most to NAA.
Introduction
Globally, wheat (Triticum aestivum L.) is the most widely grown food cereal crop (FAO & WFP, 2015) . However, the International Food Policy Research Institute projected (IFPRI) that world demand for wheat would rise from 552 million tons in 1993 to 775 million tons by 2020, and by a total of 60% by 2050, due to rise in global population (Singh et al., 2016) . In Bangladesh, after rice, wheat is the second most important cereal and contributes about 7% of the total demand of cereals as food Timsina et al., 2018) , and occupies about 4% of the total area under cultivated and 11% of the area in the Rabi season (BBS, 2016) . In 2015-16, 1.36 million tons of wheat was harvested from 0.49 million ha of land, according to the BBS (2016). The current demand of wheat in Bangladesh is 5.9 million tons with demand increasing by 10% per year (BBS, 2016) . Therefore, to meet the demand of wheat for an increasing population, greater efforts are needed to develop new wheat varieties with higher grain yield (GY) potential and to develop and adopt improved crop management practices (Timsina et al., 1998 (Timsina et al., , 2010 .
There is little scope to increase agricultural lands suitable for cultivation (Reynolds et al., 2009; Long & Ort, 2010; Li et al., 2016) . Therefore, to meet future food demand of increasing populations, an intensive agricultural system is the best way by using a small piece of land to establish a low fallow ratio, higher use of inputs and higher productivity per unit area (Tilman et al., 2002; Henkel, 2015) . Most commercial agricultural systems are intensive, with multiple crops cultivated per year, reducing the frequency of fallow years, and including high-yielding crop cultivars to raise GY (Tilman et al., 2002) . Such systems also involve an increased use of balanced fertilizers, plant growth regulators (PGRs), pesticides, mechanized agriculture as well as favourable growing conditions, i.e., optimized weather, soil, and water conditions, and fewer weeds and reduced pest infestation (Henkel, 2015) .
PGRs have been used to increase the GY of major cereal crops, including wheat, and have already become commercialized in the EU, USA and Japan (Bakhsh et al., 2011a; Adam & Jahan, 2011; Basuchaudhuri, 2016) . Although PGRs have long been used in agriculture for crop cultivation, their application is limited and mainly used in commercial agricultural systems to improve the quality and quantity of high-value field and horticultural crops (Pandey et al., 2001; Fatima et al., 2008) . Among PGRs, 1-naphthaleneacetic acid (NAA) is a synthetic auxins that plays a key role in RNA synthesis, membrane permeability and water uptake, and is also involved in many physiological processes such as root initiation, apical dominance, leaf senescence, leaf and fruit abscission, fruit setting and flowering, cell elongation, cell division, and vascular tissue development (Alabadí et al., 2009; Basuchaudhuri, 2016) . Bakhsh et al., (2011a) , Adam & Jahan (2011) and Basuchaudhuri (2016) documented that the exogenous application of naturally occurring or synthetic PGRs affect the endogenous hormonal pattern of a plant either by supplementation of sub-optimal levels or by interaction with their synthesis, translocation or inactivation of existing hormone levels. An appropriate concentration of NAA affects the growth and yield of a number of plants as reported by earlier studies around the world. However, in Bangladesh, very limited research has been conducted on root growth, plant biomass and yield of wheat genotypes by the exogenous application of NAA. In this context, the present study was undertaken to evaluate the impact of NAA on root growth, plant biomass and yield of 10 irrigated spring wheat genotypes.
Materials and Methods
Location of the experiment: The experiment was conducted in a research field of the Wheat Research Center (WRC), BARI, Nashipur, Dinajpur (under the Agro Ecological Zone Old Himalayan Piedmont Plain) over two consecutive years during the wheat season (November to April). The geographical position of the area is between N 25º 44.574" and E 88º 40.344", and 40 m above sea level.
Experimental design and treatments:
Treatments were five application times of NAA at 25 mg/l: 1. NAA applied at 20, 35 and 50 days after sowing (DAS), 2. NAA applied at 20 and 35 DAS, 3. NAA applied at 20 and 50 DAS, 4. NAA applied at 35 and 50 DAS, and a control (without NAA), and 10 irrigated spring wheat genotypes ('Kanchan', 'Protiva', 'Surov', 'Gourov', 'BAW 944', 'BAW 953', 'BAW 994', 'Akbar', 'Agrhani' and 'Sonalika') arranged in a split-plot design (i.e., five spray application times of NAA were selected as the main plots and the 10 wheat genotypes as the sub-plots). According to these treatments (application at different DAS), 30 ml of NAA per 10 liter of water was applied with a Knapsack sprayer as a foliar spray. The unit plot size (6×3 m) consisted of 30 rows, each 3 m long, and a row-to-row distance of 20 cm and a block-to-block distance of 1.0 m.
Variety, seeding rate, sowing time, seed treatment and fungicide: The 10 wheat genotypes were collected from the WRC, BARI, Nashipur, Dinajpur. In both seasons, all genotypes were sown in lines by hand on November 20. Seeding rate was 120 kg ha ─1 treatment. Before sowing, seeds of all genotypes were treated with a fungicide, Vitavax-200 (37.5% Carboxin + 37.5% Thiram) (marketed by Hossain Enterprise CC Bangladesh Ltd.).
Land preparation, fertilizer, irrigation, mulching and weeding: Land was thoroughly prepared and leveled by ploughing and laddering. Weeds and stubble were removed from the field at the time of final land preparation. Fertilizer (N, P, K, S and B) was added at 100, 27, 40, 20, 1 kg ha ─1 , respectively, as recommended by the WRC-BARI. Before sowing seeds, and during final land preparation, two-thirds of N and a full amount of the other fertilizers were applied as basal (Akhter et al., 2016) . The remaining N fertilizer was provided after the first irrigation (20 DAS) while second and third irrigations were added at 52 and 73 DAS.
Data collection and analysis:
Root growth per cubic centimeter of soil was studied at 90 DAS, at the early grain-filling stage. Roots with soil were collected from randomly selected hills of each treatment and also from between the two lines of adjacent hills by vertically penetrating a core sampler to a depth of 0-10 cm. Root samples were watered individual in a polyethylene bag and kept for 12 h to allow the soil to swell and loosen. Samples were then washed in pond water using a cloth net over a plastic net tray. Root fresh weight (RFW; mg cc soil ─1 ) was assessed immediately. To measure root dry weight (RDW; mg cc soil ─1 ), samples were dried in an oven at 70°C for 72 h. Root length (RL; cm cc soil ─1 ) was measured manually using calibrated paper.
Total biomass dry weight (TDM; g m -2 ) at different DAS was recorded from each treatment, starting from 40 DAS with a 10-day interval up until 100 DAS. TDM was assessed immediately after sampling each treatment. To determine TDM, samples were dried in an oven at 70°C for 72 h, and weighed on an electronic balance to two decimal places.
The crop was harvested on April 4 in the first year, and on April 3 in the second year. GY, biomass yield (BY) at harvest, and yield-related attributes were recorded from a 2 × 2 m (2 m long; 10 rows) area from the center of each plot. Samples from each plot were bundled separately, tagged and threshed manually on a threshing floor. Bundles were thoroughly dried in bright sunshine before their weights were recorded. Data on plant height (cm), spikes m ) were recorded. GY and TGW were recorded at 12% moisture content.
Data analysis: Data were statistically analyzed using MSTAT-C statistical package of Michigan State University, USA (Russell, 1986) . Mean separation test was done by Duncan's new multiple range test (DNMRT) at a 5% probability level (Steel & Torrie, 1984) .
Results
Effect of timing of application of NAA and genotypes on root fresh weight, dry weight and root length: RFW, RDW and RL in both years were significantly (p≤0.05) influenced by the combined effect of timing of application of NAA and genotypes (Table 1) . In both years, maximum RFW was recorded in the treatment in which NAA was applied to 'Gourav' at 20 and 35 DAS, followed by NAA applied at the same DAS to 'Sourav' and 'Agrahani'. Lowest values were observed in the control plot. However, maximum RDW (similarly significant values) was also recorded in 'Gourav' (when NAA was applied at 20 and 35 DAS) and 'BAW 953' (when NAA was applied at 35 and 50 DAS), followed by NAA applied at 20 and 35 DAS in 'Sourav' and 'Agrahani', while the lowest values were observed in the control plot. Longest roots were observed in 'Gourav' when NAA was applied at 20 and 35 DAS, followed by 'BAW 953' when NAA was applied at 35 and 50 DAS while shortest roots formed in the control plot in both years (Table 1) . (Tables 2, 3) . Maximum TDM at 40 and 50 DAS was observed in 'BAW 944' when NAA was applied at 20 and 50 DAS. However, significantly similar and maximum TDM at 60 DAS was observed in 'Kanchan' and 'Sourav' when NAA was applied at 20, 35 and 50 DAS, as well as at 70 DAS in 'Sourav' when NAA was applied at 20 and 35 DAS (Table 2 ). In contrast, maximum and statistically similar TDM was recorded at 80, 90 and 100 DAS in 'BAW 994', 'Gourav' and 'Agrahani' with when NAA was applied at 20, 35 and 50 DAS while lowest TDM was observed in 'Sonalika' in the absence of NAA (control plot) ( Table 3 ).
Yield and yield-related attributes:
The combined effect of timing of NAA application and genotypes also significantly (p≤0.05) influenced GY and yield attributes (Table 4) . Tallest plants formed when NAA was applied at 20, 35 and 50 DAS in 'BAW 994' followed by 'BAW 953' and 'BAW 994' while shortest plants formed in 'Agrahani' when NAA was applied at 20 and 50 DAS. 'Agrahani' produced highest number of spikes m -2 after the application of NAA at 35 and 50 DAS, which was statistically similar to 'BAW 944' when NAA was applied at 20, 35 and 50 DAS. Fewest spikes m -2 formed in 'Sonalika' with the application of NAA at 20 and 35 DAS (Table 4) .
The application of NAA at 20 and 35 DAS to 'BAW 994', 'BAW 953' and 'Agrahani' produced significantly similar and maximum number of spikelets spike -1 in both years, followed by the application of NAA at 20 and 50 DAS to 'BAW 953' and 'Sonalika'. The fewest number of spikelets spike −1 were obtained in 'Sonalika' in the NAA-free treatment (Table 4) . Genotypes, 'BAW 944' and 'BAW 953' showed significantly similar TGW when NAA was applied at 20 and 50 DAS, followed by 'Agrahani' exposed to NAA at 20, 35 and 50 DAS. Smaller grains were found in 'BAW 953' in the NAA-free treatment. While, 'BAW 953' produced highest GY when NAA was applied at 20, 35 and 50 DAS, which was statistically similar to the application of NAA at 20 and 35 DAS, and at 35 and 50 DAS in both 'BAW 994' and 'Protiva'. However, 'Sonalika' produced significantly lowest GY in all NAA treatments as well as in the control (Table 4) .
Discussion
Soil nutrient status and climatological conditions during the experiment: The soil nutrient status before sowing wheat in the experimental soils was sampled and analysed. Soil pH was 5.3 and organic matter was 1.2%. The pre-sowing total soil nitrogen (N) status was 0.08%, indicating that soil was deficient in soil N. Available K was 0.17 meq 100g ─1 soil, and available P, S, Zn and B were 19.0, 5.5, 0.80 and 0.18 µg g -1 soil, respectively. Based on the critical level of these plant nutrients, K, S, Zn and B were low, but P was high.
Temperature (maximum and minimum) fluctuations, rainfall, sunshine hours and relative humidity are the most important climatic factors for phenology, growth, and yield of wheat Uddin et al., 2016) . The ideal temperature required for wheat is 20-25°C and an extreme temperature is 35°C (Tewolde et al., 2006; Hossain & Teixeira da Silva, 2012 . Relative to those findings, the weather conditions in our experimental period were recorded and found suitable for good wheat GY for all tested genotypes.
NAA affected root growth, plant biomass and yield of wheat in our study: PGRs are one of the most important factors used to induce higher yield in field crops. They regulate physiological processes and synthetic PGRs may enhance the growth and development of field crops thereby increasing total dry mass of field crops, but the timing of application of NAA is important to increase crop yield (Cho et al., 2008; Aslam et al., 2010; Adam & Jahan, 2011; El-ghit, 2015; Islam & Jahan, 2016) . In the present study, data on RFW, RDW, RL, TDM, GY and yield attributes of wheat genotypes were significantly (p≤0.05) influenced by the timing of application of NAA in both years (Tables 1 to 4). These results indicate that the application of NAA at different growth stages of wheat are more effective than the control. Jahan & Adam (2013) , who conducted a field experiment, to investigate the effect of various concentrations of NAA (0, 25, 50, 75, 100 mg l -1 ) on the growth and yield components of 'BARI Gom 26', also noticed that the application of NAA at different concentrations effectively increased growth parameters and yield while plant height, number of tillers plant -1 and number of leaves plant -1 performed negatively in most cases with a few exceptions (7 and 14 DAS with 25 and 50 mg l -1 NAA). However, 50 mg l -1 NAA produced the highest TDM at all the stages of growth except at 21 and 28 DAS. In contrast, spike length, number of grains spike -1 and 1000-seed weight increased following the application of any concentration of NAA. The number of spikes m -2 and maximum yield (g plant -1 and t ha -1 ) increased significantly only after the application of 50 mg l -1 NAA, 9.09% and 12.24% higher than the control, respectively. Their results indicated that the application of NAA at different growth stages of wheat were more effective for RFW, RDW, RL and TDM of wheat genotypes than the control. Similarly, Islam & Jahan (2016) also conducted a field experiment to determine the growth and yield responses of BARI Gom-26 following the application of three concentrations of NAA, i.e., no NAA, 25 mg l -1 NAA and 50 mg l -1 NAA, and four levels of N-fertilizer, namely without any N-fertilizer (F0), 50% of the recommended dose, 75% of the recommended dose and full recommended dose of urea and reported that the maximum number of tillers, TDM plant -1 were obtained with 25 mg l -1 NAA in combination with 50% N-fertilizer recorded at different days after spray. They also noticed that number of effective tillers plant -1 , TGW and GY (g plant -1 and t ha -1 ) increased significantly with 25 mg l -1 NAA in combination with 75% N-fertilizer. Y1, first year; Y2, second year; NAA, 1-naphthaleneacetic acid; DAS, days after emergence; TGW, 1000-grain weight; GY, grain yield
The positive influence of NAA on the growth or productivity of different crops was confirmed by earlier studies. Bai et al. (1987) found that the application of eight foliar sprays of 25 mg l -1 NAA at 7-day intervals positively improved seed yield and yield components of Vigna radiata (mung been or green gran). The number of pods plant -1 was increased by spraying 40 mg l -1 NAA on groundnut once at either 45 DAS or twice at 45 and 55 DAS (Devasenapathy et al., 1987) . Deotale et al. (1998) observed that gibberellic acid and NAA application on soybean produced the tallest plants, highest number of leaves plant -1 , number of branches plant -1
, leaf area, dry matter, days to maturity and seed yield with 100-400 mg l -1 NAA. Application of NAA (4.5% w/v) applied at 200 ml ha -1 in three split doses at 45, 90 and 135 DAS increased number of pods plant -1 , seeds pod -1
, TGW, biological yield and GY of chickpea by 12.50, 6.98, 9.59, 2.61 and 13.98%, respectively more than the control (Aslam et al., 2010) . The application of 100 and 200 mg l -1 NAA to Oryza sativa (rice) increased GY plant -1 by 27.67 and 6.85%, respectively in 'BRRI dhan-29', but the difference was not significant. However, in 'BRRI dhan-50', GY plant -1 was reduced by 26.54% at 100 mg l NAA stimulating growth most (Adam & Jahan, 2011) . Alam et al., (2002) noticed that NAA at 20 mg l -1 enhanced the straw yield and GY of wheat cultivars 'Sarsabz', 'Soghat' and 'S-232'. NAA has been used to enhance the growth and yield of cereals by promoting and improved root system, resulting in more, straighter and thicker roots (Bakhsh et al., 1122b ; Yan et al., 2014; Basuchaudhuri, 1122) . PGRs also significantly increased root growth (RDW) and promoted new roots in rice sprayed with 10 or 100 mg l -1 NAA at the tillering stage (Raoofi et al., 2014; Basuchaudhuri, 1122) . El-ghit (2015) noticed that a foliar application of NAA reduced the harmful effects of salinity on Rosmarinus officinalis (rosemary) and improved growth by increasing the concentration of NAA up to 200 mg l -1 but decreased growth at a higher concentration (300 mg l -1 ).
Conclusions
The findings of a two-year study revealed that the application of NAA (25 mg l -1 ) at 20, 35 and 50 DAS were effective for growth, yield and yield attributes of 10 wheat genotypes. Maximum TDM at 40 and 50 DAS was obtained in 'BAW 944' when NAA was applied at 20 and 50 DAS, but highest TDM at 60 DAS was observed in 'Kanchan' and 'Sourav' when NAA was applied at 20, 35 and 50 DAS. TDM at 70 DAS were observed in 'Sourav' with the application of NAA at 20 and 35 DAS. When considering yield and yield attributes, 'BAW 994' and 'BAW 953' produced significantly similar and maximum GY when NAA was applied at 20, 35 and 50 DAS. Therefore, the application of NAA at 20, 35 and 50 DAS in all genotypes was more effective (i.e., better growth and yield) than the control plot, i.e., no NAA. Among the 10 tested genotypes, 'BAW 953' and 'BAW 994' responded best to NAA.
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